ABSTRACT: The effect of sea level rise on the growth of Spartina anglica seedlings and on key sediment biogeochemical variables (oxygen concentrations and sulfur cycling) was studied for 4 mo in a laboratory experiment. S. anglica, grown under drained and waterlogged conditions, showed no significant differences in leaf elongation and above-ground biomass between treatments. Sulfate reduction rates were not significantly different between treatments (4.1 and 5.3 mmol m -2 d -1
INTRODUCTION
Sea level rise as a result of global climatic change poses a threat to salt marshes due to their location in the shallow transition zone between land and ocean (Boorman 1999) . Salt marshes are relatively vulnerable to damage by wave actions, and changes in sea level may increase the erosive forces on the seaward edge (Adam 1990 ). Salt marsh vegetation structure and composition is also controlled by the sea level, and the establishment of vegetation on mud flats, the first initial step in salt marsh formation, only occurs when the mud flats have accreted to a sufficiently high level. Pioneer species start colonizing when mud flats are covered by water for less than 6 h d -1
. The pioneer zone extends up to the mean level of high water with a relatively open vegetation dominated either by annual species such as Salicornia and Suaeda or by the perennial grass Spartina sp. As the level of the marsh surface rises the duration of inundation decreases and the pioneer species are replaced by a wider range of species, and the middle and high marsh become progressively more floristically diverse (Adam 1990) .
The ability of pioneer species to colonize the low marsh and mudflat is associated with their capacity to maintain the roots oxic during submergence in contrast to less flood tolerant species that lack this feature. Flood tolerant species have a large internal lacunae system, which allows transport of oxygen from shoots to roots (Arenovski & Howes 1992 , Naidoo et al. 1992 , Howes & Teal 1994 . The internal oxygen concentration of intertidal plants has been found to decline during submergence and recover during emergence. Oxygen is only depleted in the roots during extreme conditions, e.g. at high temperatures in darkness during extended periods of submergence (Gleason & Zieman 1981) . Enhanced flooding with a longer duration of inundation has, however, been shown to hamper the growth of pioneer species such as Spartina (Pezeshki 1997) . The observed reduced rates of photosynthesis and reduced growth of roots are probably due to a reduced supply of oxygen to the roots (Mendelssohn & Patrick 1981 , Pezeshki & DeLaune 1990 , suggesting that Spartina may be negatively influenced by a rise in sea level.
Salt marsh sediments are multifaceted, being influenced by plant activity, microbial decay of organic matter and tidal flooding. The sediments are usually organic-rich due to the high plant biomass and sedimentation of organic matter from external sources or from benthic microalgae (Boorman 1999) . At the same time, salt marsh sediments are characterized as reducing environments with high concentrations of sulfides originating from the high rates of anaerobic sulfate reduction (Howarth & Teal 1979) . It is expected that a rise in sea level will accentuate the reducing conditions in the sediments due to the lower oxygen availability associated with increased water level and inundation frequency. This may affect plant roots, e.g. if free sulfide accumulates in the already less oxidized root zone. The evidence for toxicity of sulfides to salt marsh plants is not fully conclusive (Mendelsohn & McKee 1988 , Koch et al. 1990 ), but sulfide is a known inactivator of metallo-enzymes (e.g. in photosystem II). In addition, stunted roots and blockage of vascular and gas-pathways have been found in Phragmites australis (Armstrong et al. 1996 , Fürtig et al. 1996 . A lowered root-mediated supply of oxygen into the rhizosphere to compensate for increased sulfide concentrations may worsen the situation.
The aim of this study is to explore the effect of sea level rise on seedlings of the pioneer species Spartina anglica with focus on the interactions between plants and sediment biogeochemistry. Changes in sediment sulfide production and pools of sulfides were examined together with the ability of seedlings grown in the laboratory under drained and waterlogged conditions to oxidize the sediment through root-mediated supply of oxygen into the rhizosphere.
MATERIALS AND METHODS

Field sampling and establishment of microcosms.
Seedlings of Spartina anglica and sediment were collected in Ho Bugt on the southwest coast of Jutland, Denmark, in March 1999. Seedlings were dug up in blocks of sediment and transported to the laboratory, where they were carefully rinsed and separated into individual plants. Sediment without live vegetation was collected on the seaward edge of the salt marsh. Dead roots and plant detritus were removed manually. The sediment was allowed to restore for 2 d before further processing. Subsamples of the sediment were taken for initial measurements of sediment characteristics and total pools of reduced sulfides (see below). The seedlings were planted in the sediment, and each seedling with sediment was transferred into a black net stocking and placed in a plexiglass core (i.d. = 8 cm, length = 12 cm) with a bottom stopper. The sediment surface was positioned 0.5 cm from the top of the core and 5 replicate plant microcosms were established for drained and waterlogged treatments in duplicate. The water level of the drained microcosms was lowered to 5 cm sediment depth through holes in the side of the tube, whereas only the top cm of the waterlogged sediments was drained. The microcosms were placed in an aquarium (40 l) and kept at in situ salinity (15 PSU) and a temperature of 15°C in a 12:12 h light:dark cycle. The light intensity was approximately 1000 µmol photons m -2 s -1
, which ensures light saturated growth. The microcosms were submerged for 1 h during each light and dark period to simulate conditions in the field. The water was recycled between the aquaria and a holding tank (50 l), and was renewed every 2 wk during the growth period of 4 mo.
Oxygen and sulfide microprofiles in rhizosphere sediment. The oxygen distribution was measured in the rhizosphere when the plants had grown for 4 mo. Commercially available Clark-type microelectrodes (Unisense, Aarhus, Denmark) with a tip diameter < 10 µm, a 90% response < 1 s and a stirring sensitivity of <1% were used. The electrode signal was logged on a datalogger (PicoLog: Pico Technology, St Neots, UK) connected to a picoammeter (Unisense). The microelectrode was mounted on a micromanipulator, which allowed a spatial resolution of 10 µm. The oxygen penetration depth was measured in light and darkness, as well as under emerged and submerged conditions in both drained and waterlogged microcosms.
Mapping of free oxygen in the rhizosphere was done by approaching roots by chance from the sediment surface. It was not possible to visually inspect the root distribution in the microcosms, but tests with visual identification of the root surface through a dissection microscope have shown that oxygen rapidly reaches a constant concentration (20 to 30 µm) after the electrode penetrates a root. The position of root surfaces in the microcosms was thus set to 20 µm before constant oxygen concentrations were achieved. The diffusive oxygen flux across the sediment-air interface was calcu-lated from Fick's first law according to Revsbech et al. (1986) . The oxygen flux from the roots under steadystate conditions in light and darkness was calculated from the cylindrical version of Fick's first law according to Pedersen et al. (1998) .
The concentration of dissolved hydrogen sulfide was measured by a Clark-type microelectrode (Unisense, Denmark) developed according to the principle by Jeroschewski et al. (1996) . The microelectrode, with a tip diameter < 50 µM, a 90% response < 10 s and stirring sensitivity < 2%, had a detection limit of <1 µM. The electrode tip was constructed to be extraordinarily long, which allowed measurements down to 6 cm sediment depth.
Sulfate reduction rates and pools of reduced sulfides. Sulfate reduction rates were determined by a modification of the core-injection technique (Jørgen-sen 1978) . Three replicate microcosms from each treatment were injected vertically with 150 µl of 35 S-sulfate (2100 kBq microcosm -1 ). The microcosms were then incubated in darkness for 1 h. The incubation was terminated by sectioning the microcosms into 1 cm intervals in the upper 4 and 2 cm intervals down to 10 cm. Half of the sediment was fixed in 1 M zinc acetate (v/v) and stored frozen until distillation according to the 1-step procedure of Fossing & Jørgensen (1989) , while the other half was used for determination of root and rhizome biomass (see below). Pools of total reducible sulfides (TRS) in the distillation traps were determined by the method of Cline (1969) .
Porewater and sediment particulate analysis. The 2 remaining microcosms were sectioned to obtain porewater sulfate, sediment characteristics, and root and rhizome biomass. The sediment was sectioned as described above, and half of it was processed for determination of root and rhizome biomass (see below). Porewater was obtained from the other half by centrifugation in double centrifuging tubes (1500 rpm, 10 min). Porewater samples were analyzed for sulfate by ionchromatography on a Dionex autosuppressed anion system with carbonate/ bicarbonate as eluent. Water content of the sediment was determined as weight loss after drying for 24 h at 105°C. Density was measured as the wet weight of a known volume.
Growth and biomass measurements. The leaf elongation rate was measured once a week by measuring the length of all the leaves in each microcosm. At the end the leaves were cut and freeze dried to obtain dry weight. The depth distribution of roots and rhizomes was obtained by sectioning the sediment as described above. The sediment was gently sieved (1 mm mesh) and the living roots and rhizomes were collected. The diameter of 10 roots from each microcosm was measured to obtain an estimate of the average root diameter. The biomass was obtained after freeze drying.
RESULTS
Spartina anglica growth and production
Leaf growth was fast during the first 70 d of the experiment, but ceased thereafter (data not shown). The growth may have been restricted by limitations of the experimental design, e.g. the size of microcosms or nutrient availability. Leaves of Spartina anglica appeared to reach larger biomass and higher rates of elongation in the drained microcosms, but due to heterogeneity among microcosms the differences were not significant (paired t-test, p > 0.17; Table 1 ). The root and rhizome biomass was not significantly different between treatments (paired t-test, p = 0.39; Table 1 ). The distribution of roots in the surface layers was similar between treatments attaining a maximum (38 to 42 g DW m ) in the layer below (Fig. 1) . The root biomass increased below this depth in the waterlogged microcosms (up to 60%) at deeper depths, whereas no change was observed in the drained microcosms. The root diameter was averaged for all microcosms and found to be 0.95 ± 0.11 mm (n = 100).
Oxygen and sulfide in the rhizosphere
Oxygen was present around the roots of Spartina anglica during both light and dark incubations in a zone of up to 2.5 mm from the root surfaces ( Fig. 2A) .
199 Table 1 . Plant data and sulfur cycling in the microcosms under drained and waterlogged conditions. Plant growth is presented as leaf elongation (n = 5 ± SEM). The leaves and roots and rhizome biomass is given as mean of 5 replicates (± SEM). The depth integrated rates of sulfate reduction and pools of reduced sulfides are given as mean of 3 replicates (± SEM). The oxygen concentration and penetration depth in the rhizosphere appeared to be controlled by the diameter of the root; small roots (d < 0.5 mm) supported lower oxygen levels than larger roots (d > 0.5 mm). The oxygen concentration around roots was higher during light than dark incubations (Fig. 2B) . The oxygen concentration within 2 similarly sized roots (0.99 and 0.90 mm) was much higher in the light (270 µM) than in dark (55 µM). As these roots were situated close to the sediment surface (< 3.5 mm depth) oxygen was present at all depths. In the light oxygen did not decrease below 110 µM at any depth within the upper 3.5 mm and reached almost air-saturation at the root surface. The root measured in the dark was positioned deeper in the sediment, and oxygen declined to 15 µM at 2.0 mm depth and only reached about 20% of air-saturation towards the root.
We were not able to detect dissolved sulfides in any of the microcosms to the measuring depth of 6 cm, indicating that the sulfide concentration was <1 µM after the 4 mo growth period. The oxygen penetration depth across the sediment-water interface was low (2.2 to 2.5 mm), and there was no significant effect of waterlogging (p = 0.24) (Fig. 3) . Only results from the emerged conditions in dark are presented, as no significant differences were found under submerged and light conditions.
Sulfate reduction rates and total pools of reduced sulfides
Depth integrated rates of sulfate reduction were not significant different between treatments (paired t-test, p = 0.51; Table 1 ). The rates were 5.34 ± 1.70 and 4.10 ± 1.24 mmol m -2 d -1 in the drained and waterlogged microcosms, respectively. The depth pattern of sulfate reduction rates showed large heterogeneity especially near the surface sediments of the drained microcosms (Fig. 4) . Rates were somewhat higher in the upper 5 cm of the drained (up to 82 nmol cm ). The total pools of reduced sulfides were high (12.1 to 14.9 mol S m -2 ), but not significantly different between treatments (paired t-test, p = 0.41; Table 1 ). There was a trend for sulfide pools to increase in the waterlogged microcosms compared with the initial sediments, whereas the pools were similar or lower at all depths in the drained microcosms (Fig. 4) .
DISCUSSION
Several studies on salt marsh plants have suggested that there is a root-mediated oxygen supply to the rhizosphere, but it has not yet been measured directly due to methodological difficulties. Our results show for the first time that oxygen actually is present in the rhizosphere of Spartina anglica roots. The oxygen concentration was high in the near-root rhizosphere, and approached air-saturation at the root surface in the light. However, due to the high oxygen consumption by the sediment, oxygen was depleted within a 2.5 mm radial zone around the root surfaces. The penetration distance of oxygen into the rhizosphere was similar to the oxygen penetration depth across the sedimentwater/air interface despite the radial diffusion geometry, suggesting that the oxygen translocation across S. anglica root surfaces is rapid. Root-mediated oxygen supply to the rhizosphere has also been measured in seagrass beds (Caffrey & Kemp 1991 , Pedersen et al. 1998 , in mangrove sediments (Andersen & Kristensen 1988) , in vegetated fresh water sediments (Christensen et al. 1994 , Pedersen et al. 1995 and for Potamogeton pectinatus (Caffrey & Kemp 1991) . The oxic rhizosphere is significantly higher around roots of S. anglica compared to seagrasses (Pedersen et al. 1998 ), but similar to P. pectinatus (Caffrey & Kemp 1991) and less when compared to the freshwater macrophytes Littorella sp. and Lobelia dortmanna (Christensen et al. 1994 , Pedersen et al. 1995 .
Our understanding of oxygen dynamics in rhizospheres is still limited, and there are several aspects that need further investigation. The present results suggest that the oxygen concentration inside the root varies dependent on the root diameter and surface illumination. Similar patterns have been observed in seagrass sediments (Pedersen et al. 1998) . Oxygen was always present in the rhizosphere of the roots, but it was not possible to clarify differences in oxygen concentrations between drained and waterlogged treatments. This suggests that root-mediated oxygen supply was not affected by inundation frequency and sediment drainage. Since the physical limitation of the microelectrodes prevented measurements below 4 cm depth, we cannot exclude that deeper sediment layers may be affected by the degree of drainage. The depth distribution of the roots was similar within the upper 4 cm, but below this depth the root biomass was highest in the waterlogged sediment. This suggests that Spartina anglica adapt to waterlogging by maintaining a high capacity to oxidize the subsurface sediment. Other studies have shown that Spartina generally is affected negatively by increased waterlogging resorting in reduced root growth and lower rates of photosynthesis (Pezeshki 1997 , Portnoy & Valiela 1997 . However, for some Spartina species the effects of waterlogging are only temporary and the plants recover after an acclimatization period (Pezeshki & DeLaune 1996) . The lacunae allocation does not change in S. alterniflora with waterlogging, and there are no changes in the internal oxygen transport in the plants (Arenovski & Howes 1992) . This suggests that S. anglica have the capacity to oxidize reduced sediments generated during waterlogging.
Oxygen release and oxidation of the sediment
Sediment oxidation by root-mediated oxygen supply is probably quite significant due to the large root biomass in salt marsh sediments (Howes et al. 1985 , Blum 1993 . In our microcosms the biomass production is comparable to results obtained in salt marshes during maximum growth in spring (Howes et al. 1985) . From the depth distribution and biomass of roots it is estimated that roots comprise approximately 10% of the total sediment volume in the microcosms. With an average root diameter of 0.95 mm and an oxic zone of 1 to 2.5 mm around the roots, 30 to 60% of the sediment should be oxic. This estimate is considerable higher than the 0.5% found for seagrasses (Pedersen et al. 1998 ), but less than for freshwater macrophytes, e.g. Littorella sp., which is capable of maintaining the entire sediment oxic (Christensen et al. 1994) . Based on an average root diameter of 0.95 mm, the root area is estimated to be 0.5 m 2 m -2 sediment. The rootmediated flux of oxygen is then calculated to range between 1.5 and 3.7 mmol m -2 d -1 based on the observed oxygen gradients at the root surface. This rootmediated oxygen flux is equivalent to 10-50% of the diffusive oxygen uptake across the sediment-water/air surface. The root-mediated oxygen supply therefore plays an important role for the total oxygen budget in salt marsh sediments. These calculations may, however, be underestimated because root area may be significantly underestimated, as root hairs were not considered. Nevertheless, the root-mediated flux for Spartina anglica is higher compared to seagrass roots, which contribute relatively little (<10%) to the overall sediment oxygen uptake (Pedersen et al. 1998 ).
Sulfide production and sulfur pools
The low sulfate reduction rates in the microcosms were most likely caused by inhibition due to the oxida-202 Fig. 4 . Depth dependent changes in sulfate reduction rates (SRR, left) and total pools of reduced sulfides (TRS, right) in response to drained (upper) and waterlogged (lower) conditions. Rates and pools were obtained from 3 replicate microcosms (± SEM) after 4 mo of growth. Initial TRS concentration is indicated by dotted line and hatched area represents waterlogged part of the sediments tion capacity of the roots, which also counteracted the effect of waterlogging on the sulfate reduction rates. A major part of the organic matter degradation, therefore, must be mediated by aerobic processes and/or iron and manganese reduction. However, the oxygen may instead be utilized for reoxidation of reduced iron and manganese, as well as sulfide. Oxidized forms of these elements act as electron acceptors and can be used in microbial respiration. High Fe(III) concentrations have been found in these sediments (Boje 2000) , and high rates of iron-reduction have been measured in salt marsh sediments (Kostka & Luther 1995) . No dissolved sulfides were detected in the rhizosphere or in the surrounding sediments, suggesting that sulfides were reoxidized rapidly or precipitated as iron-sulfides or elemental sulfur. The root-mediated oxygen supply was sufficient to oxidize 14 to 45% of the produced sulfide (assuming a 1:2 stochiometry between sulfides produced and oxygen consumed). Although the released oxygen was not sufficient to oxidize all sulfide produced, it is unlikely that roots were exposed directly to sulfide, as the rhizospheres around the roots remained oxic both in the light and dark. The remaining sulfide must have precipitated as iron sulfides in the anoxic zone. Salt marsh sediments contain more iron sulfides mostly in the form of pyrite than most other marine environments (Howarth & Teal 1979 , Gribsholt 2001 ).
Effect of waterlogging on salt marshes
There was no effect of waterlogging on oxygen penetration depth or sulfate reduction rates in the Spartina anglica microcosms. There was a trend for lower S. anglica growth in the waterlogged sediments. The results suggest that direct effects of sea level rise are not likely to be detrimental for S. anglica, as the changes in sediment biogeochemical conditions are compensated by a root-mediated supply of oxygen into the rhizosphere. Other plants species with less developed root systems and lower oxygen translocation capacity are more likely to be affected by waterlogging. If sea level rise affects these species negatively, it will impose a change in the composition of plant communities favoring oxygen translocating species as Spartina sp.
It is, however, not possible to exclude direct and indirect effects of sea level rise on Spartina anglica under in situ conditions. The sulfate reduction rates measured in our microcosms are similar to the low rates observed in a dry Spartina marsh at Waarde in the Westerschelde Estuary, The Netherlands; however, much higher rates have been measured in the more waterlogged marsh close to the seaward edge (Gribsholt 2001) . These plants may be susceptible to even small changes in redox conditions during a sea level rise. This seaward edge of the marsh is fragile because of high erosion if plants disappear.
